Background: Kisspeptin, encoded by the Kiss1 gene, has many forms including kisspeptin54, kisspeptin14, kisspeptin13, and kisspeptin10, and all these peptides have the same affinity to their receptor KISS1R encoded by the Kiss1r gene. The KISS1eKISS1R system was discovered in neurons, and many reports stress on their function in the brain. However, recent studies have shown that Kiss1 and Kiss1r are expressed in the testes. The goal of this study was to demonstrate the roles of Kiss1 and Kiss1r in testicular function, especially their steroidogenic activity. Methods: Kisspeptin10 and the kisspeptin10 antagonist peptide234 were used to determine their effect on testosterone production. Moreover, expression of steroidogenic genes in mouse testes and their gonadosomatic index (weight of the testes divided by the total body weight) and also serum testosterone level were studied between the ages of 2 weeks and 15 weeks. Results: Kisspeptin10 and peptide234 did not affect testosterone production in primary Leydig cells from adult mice. Kiss1 and Esr1 expression also increased during puberty. The peak gonadosomatic index occurred at 4 weeks of age, and serum testosterone levels plateaued after the age of 4 weeks. Conclusion: Our results suggest that kisspeptin10 does not affect steroidogenesis in adult Leydig cells, but its pattern of expression follows the stages of testicular development. Future studies should determine if kisspeptin regulates testicular development during puberty.
Introduction
Kisspeptin is the product of the Kiss1 gene and the ligand for the seven-transmembrane G protein-coupled receptor GPR54, also named KISS1R. 1 The Kiss1 gene encodes a 145 amino acid protein, which is hydrolyzed into four peptides of different lengths, including kisspeptin54, kisspeptin14, kiss-peptin13, and kisspeptin10; all these peptides have the same affinity for KISS1R. 2 Expression of Kiss1 mRNA is detected in many regions of the mouse brain, including the anteroventral periventricular nucleus, periventricular nucleus, anterodorsal preoptic nucleus, and arcuate nucleus. 3e5 Moreover, kisspeptin is highly expressed in placental syncytiotrophoblasts 6 and other tissues, such as the testes, liver, pancreas, and small intestine. 7 Many studies indicate that kisspeptin stimulates gonadotropin secretion. Injection of kisspeptin into mouse lateral ventricles rapidly induces significant secretion of luteinizing hormone (LH) and folliclestimulating hormone. 3 Similar effects were observed in rats, 8e10 sheep, 11 monkeys, 12, 13 and humans. 14 However, studies of this system have focused primarily on its regulatory function in the hypothalamicepituitaryegonadal axis and suppression of tumor cell metastasis, and a few studies have investigated the functions of KISS1 and KISS1R in other tissues, such as the gonads. The goal of the present Conflicts of interest: The authors declare that there are no conflicts of interest related to the subject matter or materials discussed in this article. study was to determine the function of the KISS1eKISS1R system in the testes. The testes are essential for male reproduction through theri functions including spermatogenesis, sperm production, and testosterone secretion. Testosterone is converted from cholesterol in Leydig cells by a process named steroidogenesis, which is regulated by LH. LH binds to its receptors on the cell membrane, activating G proteins, which activate adenylyl cyclase. Activated adenylyl cyclase increases cytoplasmic concentrations of cyclic AMP, 15 triggering phosphorylation of protein kinase A and expression of steroidogenic genes, such as steroidogenic acute regulatory protein (StAR) and cytochrome P450 cholesterol side-chain cleavage (CYP11A1) enzyme. StAR, CYP11A1, and 3-bhydroxysteroid dehydrogenase (HSD3B1) play critical roles in basal and hormone-regulated steroidogenesis 16 due to the increased activities of multiple transcription factors, which were previously reviewed by Lavoie and King. 17 StAR protein transfers free cholesterol from the cytoplasm to the mitochondrial inner membrane, where cholesterol is converted to pregnenolone by CYP11A1. 18 Pregnenolone is then transported to the smooth endoplasmic reticulum and converted to progesterone by HSD3B1. Additional enzymatic processing converts progesterone to testosterone.
In this study, the regulatory effect of the KISS1eKISS1R system was further investigated in Leydig cells. The function of kisspeptin in testosterone production was evaluated in primary Leydig cells from adult mice. Continuous samples were collected and examined by enzyme immunoassay (EIA), realtime RT-PCR (qPCR), and immunohistochemistry to understand the role of the KISS1eKISS1R system during mouse development. Since there were already studies focusing on the expression of KISS1 and KISSR in brain of different stages, in the present study, we aimed to understand the expression pattern of KISS1 and KISSR in the testes and investigate the effect of KISS1 on the testes.
Methods

Reagents and chemicals
Cell culture Medium 199, trypsineEDTA (0.25%), penicillin G, streptomycin sulfate, fetal bovine serum, Hank's balanced salt solution, and trypan blue stain were purchased from Life Technologies (Grand Island, NY, USA). Collagenase-type 1 was purchased from Worthington Biochemical Corporation (Lakewood, NJ, USA). Bovine serum albumin, 22-hydroxycholesterol, pregnenolone, and other general chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA). Kisspeptin10 and its antagonist (pep-tide234) were synthesized by Kelowna International Scientific, Inc. (Taipei, Taiwan), and ovine LH was obtained from the National Institute of Diabetes and Digestive and Kidney Diseases. All nucleotide primers were obtained from Bio Basic, Inc. (Markham, Canada). Reverse-transcription kits were purchased from Bioline (London, UK). SYBR-Green PCR reagent for semiquantitative real-time PCR was also purchased from Life Technologies.
Animal study
Adult male ICR mice, aged 2e16 weeks, were purchased from the National Taiwan University, Taipei, Taiwan and maintained in a 12-hour light (0800e2000)/12-hour dark (20:00e08:00) cycle at 22 ± 1 C. Mice were provided a chow diet and water ad libitum for the duration of the study. The KISS1 and KISS1R expression patterns were examined by semiquantitative real-time PCR and histology in 20 mice. The steroidogenesis function in primary Leydig cells was examined in three male mice. All experimental protocols were approved by the Institutional Animal Care and Use Committee, College of Medicine, National Taiwan University, and all procedures conformed to the National Institutes of Health Guide for the care and use of laboratory animals.
Primary mouse Leydig cell culture
As previously reported, 19 the testes were removed from sacrificed adult male ICR mice (13e16-week old) and decapsulated in Medium 199 with 10% fetal bovine serum to separate seminiferous tubules. After washing once with isolation buffer (1X Hank's balanced salt solution containing 0.1% bovine serum albumin and 200 U/mL collagenase type 1) and incubating in isolation buffer for an additional 5 minutes at room temperature, seminiferous tubules and cells were filtered with a 250-mesh filter. Leydig cells were collected by centrifugation at 300g for 5 minutes. After resuspending the Leydig cells in 10 mL Medium 199 without fetal bovine serum, live cells were counted by trypan blue exclusion and seeded (5 Â 10 4 /well) in a flat-bottom 48-well culture plate (Corning Inc., New York, NY, USA). Cells were immediately treated with ovine LH (0 ng/mL or 100 ng/ mL), kisspeptin10 (0mM, 1mM, 5mM, or 10mM), or peptide234 (0mM, 1mM, 5mM, or 10mM) following incubation at 37 C with 5% CO 2 . Culture media were collected after treatment for 4 hours or 24 hours and stored at À20 C until the EIA was performed.
EIA for testosterone
The testosterone EIA included an IgM polyclonal antibody against testosterone with specific affinity of 1.1 Â 10 10 /M. The antibody exhibits cross-reactivity of < 0.01% with bovine serum albumin and other steroids, including pregnenolone, progesterone, estradiol, and estrone. Aliquots (50 mL) of diluted media and horseradish peroxide-linked testosterone conjugate (150 mL) were added to a flat-bottom 96-well plate coated with 200 mL antibody (representing a 1:10,000 dilution). After 30 minutes of incubation at room temperature with gentle shaking and two washes with Tween-20 in 0.01M phosphate buffer (pH 7.0), the color was developed with 3.7mM O-phenylenediamine containing 0.03% H 2 O 2 (200 mL each well) for an additional 45 minutes. The reaction was terminated by adding 50 mL of 8N H 2 SO 4 . The optical density of each sample was determined on a dual-wavelength reader (BioTek, Winooski, VT, USA) set between 490 nm and 630 nm. Testosterone concentration was determined with a standard curve. Coefficients of variation were 7% (within assays) and 12% (between assays). The sensitivity of the assay was 0.3 pg/mL. All standards and samples were assayed in duplicate.
Total RNA extraction and real-time PCR
Total RNA was extracted from tissue samples with TRIzol reagent (Life Technologies) according to the manufacturer's instructions. To synthesize cDNA, total RNA (3 mg) was mixed with 2.5mM oligo(dT) and 500mM deoxynucleotide triphosphate, and denatured at 65 C for 5 minutes. After being cooled on ice, the mixture was combined with 40 IU RNase inhibitor and 100 IU SuperScript III RT reverse transcriptase (Life Technologies), and incubated at 45 C for 60 minutes. The reaction was inactivated by heating at 95 C for 5 minutes, and cDNA products were stored at 4 C. Real-time PCR was performed with the ABI StepOne Real-Time PCR System according to the manufacturer's instructions (Life Technologies). Briefly, the 10 mL reaction mixture contained 100 ng cDNA, 0.2mM primer pairs, and 2 Â Fast SYBR-Green PCR Master Mix (Life Technologies). PCR amplification was performed at 95 C for 20 seconds, and 40 cycles of 95 C for 3 seconds and 60 C for 30 seconds, followed by melting curve analysis. The primer sequences are shown in Table 1 . Primer pairs were designed such that each primer was separated by at least one intron and underwent a pretest to confirm the amplification efficiencies. Gene expression levels were normalized to that of the internal control (18S rRNA) and presented as fold changes, compared to samples from 15week-old mice.
Immunohistochemistry
Mouse testes were fixed, embedded in paraffin, sectioned into 5-mm-thick pieces, and mounted on poly-L-lysine-coated slides. Following deparaffinization in xylene, tissues were rehydrated by passage through descending concentrations of ethanol and washing PBS at room temperature. Retrieval of antigen-binding sites was achieved by incubating the slides twice in 10mM sodium citrate buffer [containing 0.05% (v/v) Tween-20; pH 6.0] heated in a microwave oven for 10 minutes. After quenching endogenous peroxidase activity with 1% (v/v) H 2 O 2 in methanol for 30 minutes, the sections were rinsed three times (5 minutes each time) in PBS. Slides were incubated in blocking buffer [PBS containing 3% (v/v) normal goat serum and 0.2% (v/v) Triton X-100] for 1 hour and processed with the Avidin/Biotin blocking kit (Vector Laboratories, Burlington, Ontario, Canada) to quench endogenous protein-associated biotin. Slides were incubated in primary antibodies diluted in blocking buffer for 20 hours at 4 C in a moist chamber. The primary antibodies were rabbit anti-kisspeptin145 (1:100, product no. ab19028; Abcam, Inc., Cambridge, UK) and rabbit anti-Kiss1r (1:100, product no. ab12698; Abcam, Inc.). Blocking buffer alone served as a negative control. Slides were washed five times (5 minutes each time) in PBS at room temperature and incubated with biotinylated goat antirabbit secondary antibodies for 60 minutes in a moist chamber. Prior to incubation with an avidinebiotinehorseradish peroxidase complex, the sections were rinsed again in Vectastain Universal ELITE ABC Kit (Vector Laboratories) for 30 minutes according to the manufacturer's protocol. After additional rinsing, slides were incubated for 2e10 minutes at room temperature with diaminobenzidine to visualize immunostaining. Finally, slides were rinsed in distilled water twice (10 minutes each time), counterstained with hematoxylin for 30 seconds, and hydrated with ethanol and xylene prior to adding mounting medium (Hecht-Assistent, Sondheim, Germany). Slides were observed with an Axioskop 40 microscope (Carl Zeiss, G€ ottingen, Germany) equipped with the digital camera AxioCam ERc 5s (Carl Zeiss).
Data analysis
Results are expressed as the mean ± standard deviation or standard error of the mean of triplicate samples from three individual experiments. Results of assays were analyzed by one-way ANOVA followed by Duncan's multiple comparison with SigmaStat 3.5 (Aspire Software International, Ashburn, VA, USA). A p value <0.05 was considered significant.
Results
Effect of Kisspeptin10 and peptide234 on ovine LHstimulated testosterone production in Leydig cells
The main function of Leydig cells is the production of testosterone in response to LH stimulation. In this experiment, Table 1 List of primers used in mouse testis.
Gene
Primer sequence (5 0 e>3 0 ) Product size (bp) Accession no. primary mouse Leydig cells were obtained and treated with kisspeptin10 to determine the effects on testosterone production. As shown in Fig. 1A, kisspeptin10 did not alter the production of testosterone in Leydig cells after 4 hours (black bars) or 24 hours (gray bars) of treatment. Although Leydig cells responded to ovine LH (100 ng/mL) by increasing testosterone production, cotreatment with ovine LH and kiss-peptin10 did not further enhance ovine LH-stimulated production of testosterone. Similar results were discovered in Leydig cells treated with peptide234 ( Fig. 1B) . Peptide234 alone or treated with ovine LH did not affect basal or ovine LH-stimulated testosterone production, respectively.
Effects of Kisspeptin10 and peptide-234 on 22hydroxycholesterol-or pregnenolone-stimulated production of testosterone in Leydig cells
To investigate whether kisspeptin affects CYP11A1 or HSD3B1 activity, primary Leydig cells were treated with a substrate of CYP11A1, 22-hydroxycholesterol ( Fig. 2A) , or a substrate of HSD3B1, pregnenolone (Fig. 2B ). Treatment with these steroid substrates for 4 hours or 24 hours dramatically increased testosterone production in Leydig cells. However, cotreatment with kissppetin10 did not modulate testosterone production.
Testis growth and serum testosterone levels during development
Changes in the gonadosomatic index (weight of the testes/ whole body weight) and serum testosterone concentrations during ICR mouse development from 2 weeks to 15 weeks are shown in Fig. 3A . The gonadosomatic index increased significantly during the age of 2e4 weeks but gradually decreased to a plateau during 5e15 weeks. Serum testosterone concentrations were initially elevated at 3 weeks, gradually increased after 6 weeks, and reached their highest levels at 15 weeks. These results suggested that the testes were growing rapidly during 2e5 weeks, which is referred to as the pubertal period of mice.
Lhcgr, Star, Cyp11a1, and Hsd3b1 mRNA expression during development
Steroidogenesis and testicular development require LH signaling through the LH receptor in the testes. We examined Lhcgr expression in the testes of growing and adult mice (Fig. 4A) . Lhcgr levels increased steadily during pubertal development. Further, expression levels of genes required for steroidogenesis were examined in whole testicular tissues (Fig. 4BeD ). Star and Cyp11a1 levels increased significantly during 2e4 weeks, with the highest levels being observed in adult mice. By contrast, expression of Hsd3b1 was not significantly different between pubertal and adult mice. 
Kiss1, Kiss1r, and Esr1 expression during development
Similar to the expression patterns of Lhcgr, Star, and Cyp11a1, expression levels of Kiss1 and Esr1 increased during 2e4 weeks, with the highest levels being observed after 4 weeks, while the expression of Kiss1r was not altered during 2e15 weeks (Fig. 5 ). Finally, we examined the expression pattern of KISS1 and KISS1R in the testicular tissue of mice with immunohistochemical staining. As shown in the middle panel of Fig. 6 , the signal of KISS1 was detected in the testes of 5-and 15-week-old mice but not in those of 2-week-old mice, while signal of KISS1R was detected after 2 weeks of age.
Discussion
The Kiss1 gene was originally identified as a metastasis suppressor gene. 7, 20, 21 Kisspeptin and its receptor, KISS1R, which is also known as G-protein-coupled receptor GPR54, regulate the secretion of GnRH from the hypothalamus and affect mammalian reproduction. 22, 23 Mutations in Kiss1 or Kiss1r cause hypogonadotropic hypogonadism in mice and result in the reduced production of gonadotropins and sex steroids, which further prevents complete sexual maturation. 24, 25 Kiss1 and Kiss1r are expressed in many tissues. 7, 26 Some studies suggest that Kiss1 is expressed in the hypothalamus, kidneys, and testes, 3, 7, 27 whereas other reports reveal that Kiss1 or Kiss1r are expressed in the ovary or luteum. 28, 29 Chronic implantation of a single high dose of kisspeptin causes the seminiferous tubules to shrink and also decreases the volume of the testes. This phenomenon can be reversed by treating with GnRH antagonist, indicating that the effects are due to hyperstimulation of the hypothalamicepituitaryegonadal axis. 27, 30 In addition, intraperitoneal injection of kisspeptin10 (1 ng or 1 mg) twice per day for 12 consecutive days into a 35-day-old rat reduced LH and testosterone levels. 31 Moreover, a recent study showed that the peripheral injection of 50 mg kisspeptin caused a LH surge in rhesus monkeys, followed by an increase of testosterone level. Kisspeptin treatment also enhanced hCG-supported testosterone production in rhesus monkeys pretreated with GnRH antagonist acyline. 32 The aforementioned reports revealed that the kisspeptin function may vary depending on the dose and duration of treatment. These reports also focused on the effect of kisspeptin on the hypothalamicepituitaryegonadal axis, but not on the direct effect of kisspeptin on the testes and testosterone-secreting regulation.
Thus, to investigate the direct effect of kisspeptin on testosterone secretion, our first aim was to determine the expression of kisspeptin in the testes. A previous study found the expression of Kiss1 and Kiss1r in Leydig cells. 33 However, kisspeptin10 does not stimulate testosterone production from primary cultured testes tissue. 34 In our study, with primary mouse Leydig cells, we showed that ovine LH significantly stimulated testosterone production after 4 hours' or 24 hours' treatment. However, cotreatment with kisspeptin10 did not affect testosterone production. In adult mouse Leydig cells treated with an antagonist of kisspeptin, peptide234 still did not affect ovine LH-stimulated testosterone production. Moreover, to test if kisspeptin affects activities of steroidogenic enzymes, including CYP11A1 and HSD3B1, primary mouse Leydig cells were treated with kisspeptin in the presence of 22-hydroxycholesterol or pregnenolone. Our results showed that the activity of neither CYP11A1 nor HSD3B1 was altered by kisspeptin. Our results suggest that kisspeptin does not affect steroidogenesis of Leydig cells, which conflicts with those of a previous study, in which kisspeptin stimulated progesterone production in immature rat luteal cells. 35 In that study, luteal cells were collected from juvenile rats, which had been stimulated with PMSG and hCG to promote ovulation. By contrast, with Leydig cells collected from adult male mice without any pretreatment, we showed that kisspeptin10 and its antagonist did not directly affect LH-stimulated testosterone production in adult Leydig cells when the expression of KISS1R was found in these cells. The conflicting results may be due to the ages of the animals, types of cell, or pretreatment of mice with hormones or not prior to acquisition of primary cells, even though luteal cells and Leydig cells share the same steroidogenesis pathway.
Although kisspeptin showed no effect on primary Leydig cell steroidogenesis, we found that testosterone levels increased from the age of 2 weeks (prepuberty) to that of 15 weeks (adult), with a maximum at 4 weeks (puberty). One study showed that chronic administration of kisspeptin10 by implantation into the yellowtail kingfish promoted the expression of fshb and lhb mRNA in the pituitary and induced development of spermatogonia and secondary spermatocytes. 36 Similar to the levels of testosterone, the expression of Lhcgr, Star, and Cyp11a1 in the present study increased and reached a plateau around the age of 4 weeks, explaining the increasing testosterone level during puberty.
Expression of Kiss1 and Esr1 also increased from 2 weeks to 4 weeks. Chianese et al 37 reported that estradiol treatment induced Kiss1r expression in frog testes, while treatment with kisspeptin increased the expression of ERa. Our results are consistent with their observations, as Kiss1 and Esr1 expression increased coinstantaneously.
As mentioned previously, the expression of Kiss1r is low in intertitial cells and that of Kiss1 is higher. 38 In our study, with immnuohistochemistry staining, we found the expression of KISS1R in the testes of 2-, 5-, and 15-week-old mice. This result was confirmed with our real-time PCR data, which showed that the expression of Kiss1r did not alter in 2e15week-old mice. Expression of Kiss1 was found to increase during 2e4 weeks to attain its highest level and maintained that expression level until the age of 15 weeks. The expression pattern was also shown in immunohistochemistry staining; the signal of KISS1 was not found in the testes of 2-week-old mice but was found in the testes of 5-and 15-week-old mice.
In general, our results indicated that the gonadosomatic index reached the highest level in 4-week-old mice, whereas testosterone rapidly increased from the age of 3 weeks or 3 weeks. We also found that Kiss1 and Kiss1r were specifically expressed in mouse Leydig cells, and expression levels of Kiss1 was increased after puberty. However, increased expression of KISS1 did not appear to be involved in the regulation of steroidogenesis. In male chub mackerel (Scomber japonicus), administration of Kiss1 1-15 increased the gonadosomatic index, as well as the number of spermatozoa, spermatocytes, and spermatids. 39 Based on these reports and our immunohistochemistry staining showing strong expression of kisspeptin in 5-and 15-week-old mice but weak expression in the testes of 2-week-old mice, we propose that kisspeptin expression in Leydig cell may be correlated with the maturation of Leydig cells or the development of the testes during puberty. Further investigations are required to determine if KISS1 is directly involved in testicular development.
